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Purpose:
To determine the repeatability of magnetic resonance (MR) elastography-derived shear stiffness measurements of the intervertebral disc (IVD) taken throughout the day and their relationship with IVD degeneration and subject age.
Materials and Methods:
In a cross-sectional study, in vivo lumbar MR elastography was performed once in the morning and once in the afternoon in 47 subjects without current low back pain (IVDs = 230; age range, 20-71 years) after obtaining written consent under approval of the institutional review board. The Pfirrmann degeneration grade and MR elastographyderived shear stiffness of the nucleus pulposus and annulus fibrosus regions of all lumbar IVDs were assessed by means of principal frequency analysis. One-way analysis of variance, paired t tests, concordance and Bland-Altman tests, and Pearson correlations were used to evaluate degeneration, diurnal changes, repeatability, and age effects, respectively.
Results:
There were no significant differences between morning and afternoon shear stiffness across all levels and there was very good technical repeatability between the morning and afternoon imaging results for both nucleus pulposus (R = 0.92) and annulus fibrosus (R = 0.83) regions. There was a significant increase in both nucleus pulposus and annulus fibrosus MR elastography-derived shear stiffness with increasing Pfirrmann degeneration grade (nucleus pulposus grade 1, 12.5 kPa 6 1.3; grade 5, 16.5 kPa 6 2.1; annulus fibrosus grade 1, 90.4 kPa 6 9.3; grade 5, 120.1 kPa 6 15.4), and there were weak correlations between shear stiffness and age across all levels (R  0.32).
Conclusion:
Our results demonstrate that MR elastography-derived shear stiffness measurements are highly repeatable, weakly correlate with age, and increase with advancing IVD degeneration. These results suggest that MR elastography-derived shear stiffness may provide an objective biomarker of the IVD degeneration process.
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Walter et al degeneration process. The aims of our study were to determine the repeatability of MR elastography-derived shear stiffness measurements of the IVD taken throughout the day and their relationship with IVD degeneration and subject age. It was hypothesized that MR elastography-derived shear stiffness would increase with advancing age and increasing Pfirrmann degeneration grade. Further, it was hypothesized that IVDs would have elevated shear stiffness in the afternoon after daytime creep loading.
Materials and Methods

Study Population
Our study was approved by the institutional review board, and written informed consent was obtained from all volunteers before they participated. MR elastography was performed on the lumbar spine of 47 subjects who currently were not experiencing low back pain (age range, 20-71 years). Other exclusion criteria included contraindications for MR imaging such as metallic implants that were not safe for MR imaging, pregnancy, or claustrophobia. With 47 subjects, each with five discs, of tissue quality. Many groups of researchers (4-10) have demonstrated that a consequence of the matrix breakdown that occurs throughout degeneration is a progressive change in the mechanical behavior and material properties of the IVD. This suggests that changes in IVD tissue properties may provide an objective biomarker for the degeneration process that would also reflect a functional measurement of tissue quality. MR elastography is a noninvasive imaging technique that allows a relative assessment of the shear stiffness of tissue (11) by tracking propagating strain waves as they move through soft tissue. MR elastography has been used to aid in the diagnosis of cardiac and liver diseases associated with increased tissue stiffness (12, 13) , and recent studies have demonstrated the feasibility of MR elastography to assess changes in IVD stiffness between healthy and severe degrees of degeneration (5, 6, 14) . Reproducibility is a critical component of any quantitative clinical measurement. However, the mechanical behavior of the IVD is recognized to be time dependent and is influenced by the degree of tissue hydration (15, 16) , which can vary by up to 20% throughout the day (17) . This diurnal change in tissue hydration influences the mechanical behavior of the motion segment and the compressive stiffness of the IVD (18, 19) . Therefore, understanding how the diurnal changes in the height of the IVD influence the technical repeatability of its MR elastography-derived shear stiffness is necessary.
Our overall objective was to determine if MR elastography could be used as an objective biomarker of the L ow back pain is the leading cause of disability worldwide and is a substantial health problem with broad clinical, social, and economic effects (1, 2) . Degeneration of the intervertebral disc (IVD), which is the spinal structure that facilitates flexibility and load transfer between vertebrae, is thought to be a common cause of low back pain. As personalized treatments for low back pain evolve, and therapies are developed that target different stages of IVD degeneration, the ability to objectively differentiate the current stage of disease will become increasingly important.
The current standard to assess IVD degeneration is the magnetic resonance (MR) imaging-based Pfirrmann scoring system, which is used to rank the degree of degeneration from 1 (healthy) to 5 (severely degenerated) on the basis of disc height and signal intensity (3) . While this scoring system is useful as a screening tool, it is subjective and difficult to use to distinguish between the early stages of degeneration, and it provides only inferential information (Matlab; Mathworks) defined from the original IVD ROI (Fig 1c) (B.W.). This algorithm was required because the differentiation between the NP and AF regions in severely degenerated IVDs (Pfirrmann grades 4 and 5) was not clearly visible and would have precluded assessment of stiffness in IVDs with advanced degeneration. The automated NP region was selected by eroding the edge of the hand-traced whole IVD ROI, leaving a centralized area that was within the original IVD. The degree of erosion was chosen so that the average of the remaining relative area (ie, NP area/total IVD area) was approximately the same as the relative cross-sectional area of the hand-traced NP ROI relative to the whole IVD ROI (n = 195 IVDs; relative area of hand-traced NP ROI, 35.2% 6 6.1; relative area of automated NP ROI, 34.7% 6 5.6). The degree of overlap between the automated ROI and the hand-traced NP ROI in these IVDs where the AF and NP mm; acquisition matrix, 256 3 64 reconstructed to 256 3 256; flip angle, 25°; section thickness, 5 mm or 2.5 mm; MR elastographic phase offsets, four. A section thickness of 5 mm was used unless there was insufficient disc space, in which case, a section thickness of 2.5 mm was used. A motionencoding gradient of 80 Hz was applied separately in the x, y, and z directions to encode the in-plane and through-plane displacement fields ( 
Image Analysis
All MR elastographic wave image analyses were conducted by using a custom code (Matlab; Mathworks, Natick, Mass). The IVD ROI was traced by hand from transverse images of each IVD (B.W.) and applied to all MR elastographic magnitude and phase images. The ROI of the NP and AF regions were determined by using a custom algorithm 90% power was achieved to detect a 30% difference of IVD stiffness between degeneration scores. This sample size also provided us with 90% power to detect a 30% difference between morning and afternoon examinations. All examinations occurred between March 2015 and May 2016.
Experimental Setup
All imaging was performed with a 3-T MR imager (Tim Trio; Siemens Healthcare, Erlangen, Germany). Volunteers were placed in the imager in a supine head-first position. For MR elastographic examinations, 80-Hz mechanical vibrations were applied to the lower back by means of a commercially available passive pneumatic driver system ( Fig E1 [online] ; Resoundant, Rochester, Minn) that has been used previously for MR elastography of liver and cardiac tissue (20) . The passive driver was strapped to the volunteer's lower back with a neoprene band and was positioned between the volunteer's iliac crests, approximately centered on the L3-4 IVD. All lumbar levels with sufficient disc height (. 2.5 mm) were imaged. The L5-S1 IVD was defined as the first IVD superior to the sacrum, and all subsequent IVDs were classified accordingly. Volunteers were imaged twice on the same day, once in the morning and again in the afternoon, with an average of 6.4 hours between examinations.
Image Acquisition Sagittal T2-weighted images of the lumbar spine were acquired and used to assign a Pfirrmann degeneration score to each IVD. A standard T2-weighted transverse sequence of each IVD was performed immediately before the application of a standard gradient-recalled-echo MR elastographic sequence (13) , which was used to image a twodimensional transverse section through each IVD (Fig 1a) (B.W. and P.M., with 8 and 10 years of experience in spine research, respectively; and B.D.R., with 11 years of experience in MR imaging). Imaging parameters included repetition time msec/echo time msec, 37.5/18.55; field of view, 300 3 300 Technical Repeatability of MR Elastography-derived IVD Stiffness No significant differences were observed between the MR elastography-derived shear stiffness measures of morning and afternoon examinations for both NP and AF regions (Table 1 , Fig E3 [online] ). There were significant differences in MR elastography-derived shear stiffness between different IVD levels ( Table 1) . These differences were observed in both NP and AF regions and demonstrated that the MR elastography-derived shear stiffness of L2-3, L3-4, and L4-5 were slightly greater (approximately 1.5 kPa) than those of L1-2 and L5-S1. There was a high concordance correlation between the morning and afternoon examinations (Fig 2) (Fig E4 [online] ).
waves per field of view) to remove the longitudinal waves. Then the principal frequency analysis was performed along three encoding directions to report the weighted stiffness value (22) over the entire ROI separately for the NP and AF regions. The principal frequency analysis method is robust to noise and has been used previously in noisedominated data; however, in our data we have found a signal-to-noise ratio of greater than or equal to 3 can be used to estimate accurate stiffness values.
Pfirrmann Degeneration Scoring
Five physicians experienced in spine imaging (D.J.B., with 8 years of experience in Radiology; H.M., with 7 years of experience in Neurosurgery; X.V.N., with 8 years of experience in radiology;L.M.P., with 10 years of experience in radiology; and W.T., with 7 years of experience in neurosurgery) were blinded, and they scored all IVDs three times. The average of the 15 Pfirrmann scores per IVD was rounded to the nearest whole number and the rounded score was assigned to each IVD.
Statistical Analysis
Stiffness values were found to be normally distributed (P , .05) by using a Kolmogorov-Smirnov test. Paired t tests were used to compare morning and afternoon stiffness. In addition, concordance tests and Bland-Altman analyses were performed to determine the repeatability of the stiffness measures in the morning and the afternoon (23, 24) . The comparisons between spinal levels were performed by using analysis of variance with repeated measures followed by pair-wise and trend tests. The comparisons among Pfirrmann degeneration scores were performed by using a one-way analysis of variance followed by pair-wise and trend tests. The correlation between age and stiffness for each spinal level was evaluated by using the Pearson correlation method. All statistical analyses were conducted with software (SAS 9.4; SAS Institute, Cary, NC), and a P value of less than .05 was considered to indicate a significant difference (X.M., with 10 years of experience in statistics). The within-rater demarcation was visible was 84.3% 6 12.6. The AF ROI was defined as the difference between the whole IVD and the automated NP ROI. To further evaluate the validity of the automated ROI algorithm, the stiffness results in all IVDs where the NP region could be traced by hand were compared with the corresponding stiffness from the automated ROIs, with an average difference of 0.03 kPa and 1.2 kPa in the NP and AF regions, respectively (Table E1 [online]). A Bland-Altman test was used to determine the difference between average shear stiffness by using the hand-traced ROI and automated ROI in the NP and AF regions (Fig E2 [online] ). We considered the advantage of being able to assess the stiffness in the AF and NP regions in IVDs of all degenerative grades to outweigh any potential costs of slight differences in tissue stiffness. The shear stiffness of the AF and NP regions from each IVD were calculated by using a modified principal frequency analysis that had been adapted from prior work (B.W., P.K., with 3 years of experience in biomedical engineering) (21) . The principal frequency analysis method was chosen because it allows a global assessment of the wavelength within an ROI by identifying the principal frequency. This technique has the added advantage that it can allow determination of stiffness in the AF region, which is often underestimated when other MR elastographic analysis methods are used because of the high stiffness and small ROI of the tissue. Because of the bony anatomy immediately surrounding the IVD and the changing orientation between the driver and the different IVD levels, the mechanical wave within the IVD is multidimensional and requires filtering to remove longitudinal motion and reflected waves. For the filtering process, the wave data were first Fourier transformed along the time domain to obtain the first harmonic displacement. Then a directional filter was applied along eight directions to remove the reflected waves, and wave data were passed through a band-pass filter 
Relationship between Pfirrmann Degeneration and MR Elastographyderived Shear Stiffness
The MR elastography-derived shear stiffness of the AF and NP regions from a total of 230 IVDs were compared throughout all five Pfirrmann degeneration grades (Fig 3, Table 2 ). There was a significant 
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between different grades of degeneration. In addition, MR elastography-derived stiffness measurements of IVDs showed good reproducibility between morning and afternoon examinations and did not correlate with subject age.
Overall, results suggest that MR elastography-derived shear stiffness may serve as a biomarker of the degeneration process and may provide objective information that is complementary to the changes in IVD height and signal intensity gained from the Pfirrmann degeneration scoring system. but the difference was only significant in the AF at level L2-3 (Table 3 ).
Discussion
In our study, we evaluated whether MR elastography-derived shear stiffness could noninvasively provide an objective classification of the IVD degeneration process. Our results demonstrated that MR elastography-derived shear stiffness measurements significantly increased with Pfirrmann degeneration scores and were able to allow differentiation assigned Pfirrmann degeneration scores are shown in Table E2 (online).
Relationship between Age and MR elastography-derived Shear Stiffness
Degeneration is thought to be related to advancing age (8); therefore, correlations between MR elastography-derived IVD shear stiffness and subject age were conducted at each level. There were weak correlations between MR elastography-derived shear stiffness values and age (R  0.32) throughout all levels for both NP and AF regions, captured may have influenced the shear stiffness, it likely would have had only a limited effect on the magnitude of the shear stiffness measurement. MR elastography-derived shear stiffness measurements of both NP and AF regions increased with advancing degeneration. This finding was consistent with those of in vitro rheological studies (4, 28, 29) in which severely degenerated IVD tissue had an elevated shear modulus, and with the general understanding that the IVD tissue becomes more fibrotic throughout the degeneration process. Authors of prior MR elastographic studies (5,6) also found that there were changes in this longer time point. On the basis of the nonlinear creep behavior of the IVD, with the greatest height losses occurring soon after loading is applied (typically in the morning), the duration between examinations was expected to capture approximately 50%-60% of the daily height loss (27) . Further, the gap between examinations in our study was similar in duration to that of a prior study (17) , in which researchers observed a 20% decrease in IVD volume and an approximately 11% decrease in IVD height with a 7-hour gap consisting of 4 hours of standing and 3 hours of sitting. Therefore, although the additional deformation that was not Our results demonstrated that there were no differences between the morning and afternoon MR elastography-derived shear stiffness measurements in either the NP or AF regions. In addition, the high concordance correlation between the MR elastographyderived shear stiffness measurements from morning and afternoon examinations demonstrated very good technical repeatability of the MR elastographyderived shear stiffness measurements. Together, these results suggest that the change in IVD height that occurred between examinations did not influence the repeatability of the shear stiffness measurements. Because these examinations occurred throughout the course of a normal day, these findings suggest that authors of future studies do not need to account for time of day at which an examination takes place. It is possible that if the duration between examinations (6.4 hours) had been greater, a small diurnal variation may have been observed. Originally, 12 hours between examinations was considered; however, limited subject compliance due to scheduling challenges requiring subjects to come at odd hours prevented Clinical implementation of MR elastography would require acquisition of the commercially available driver system and MR elastographic sequences. The practical implications involve slightly increased examination times and minimal increases in patient preparation time (approximately 5 minutes), which are associated with driver placement and positioning of cushions for subject comfort. The examination time in our study was approximately 40 minutes per session, which allowed the anatomic and MR elastographic information for all five lumbar levels to be obtained. However, the examination time can be reduced with further sequence refinement and targeting of specific IVDs. The primary technical considerations for obtaining comparable MR elastographic information regards the applied frequency of mechanical vibrations and the type of wave analysis (two dimensional vs three dimensional). The frequency of mechanical vibrations is important, because soft tissue is viscoelastic and the measured stiffness is frequency dependent.
In conclusion, we demonstrated that MR elastography-derived shear stiffness measurements increased with advancing IVD degeneration, weakly correlated with age, and did not change between morning and afternoon measurements. In addition, the similarity of MR elastography-derived and rheologically derived shear measurements of IVD tissue suggests that MR elastographic assessment of IVD tissue may provide a measure of tissue quality. Overall, our results suggest MR elastography-derived shear stiffness may provide an objective biomarker of the IVD degeneration process that reflects how the mechanical integrity of the tissue may change with degeneration, population age range was large: 20-71 years; however, only seven individuals were in the 40-60 years old range. While our results showed that MR elastography-derived shear stiffness may be independent of age, additional work is required to fully characterize this relationship.
A limitation of our study was that the principal frequency analysis method does not allow the creation of stiffness maps that allow visualization of the spatial variations in tissue stiffness. Future three-dimensional examinations may allow the creation of stiffness maps that represent the stiffness in smaller subROIs, or quadrants of the AF and NP regions and the characterization of a specific area of tissue weakness. In addition, the principal frequency analysis method only allows a single value for each ROI and does not provide a standard deviation of the stiffness within each region. Therefore, the homogeneity of the IVD tissue, which also may be a measure of degeneration, could not be assessed. Small differences between spinal levels also were observed; with the L1-2 and L5-S1 levels being lower than the central levels (L2-3 through L4-5). Although this difference may be influenced by the differential prevalence of degenerated IVDs within different levels, we believe that this level variation is more likely related to the shape and placement of the passive driver, which was approximately centered at the L3-4 level and may lead to complex two-dimensional wave propagation in the levels farthest away from the vibration source. Future studies should should be performed to investigate if alternate driver placement or shape influences the stiffness measurements of the L1-2 and L5-S1 levels.
Many groups (30) (31) (32) (33) (34) have highlighted the utility of MR imaging to understand IVD disease progression by correlating various quantitative MR imaging measurements with the IVDs composition and degenerative grade (30) (31) (32) (33) (34) . While understanding IVD composition is valuable for multiple applications and is correlated with the mechanical behavior of the tissue, it is not directly related to mechanical function of the tissue, which is influenced by both the composition IVD shear properties with degeneration; however, their findings showed decreased stiffness with degeneration, while our results demonstrated that shear stiffness increased with degeneration. An acknowledged limitation of the prior MR elastographic studies was that the inversion algorithms that were used allowed substantial underestimation of the shear stiffness in very stiff tissues. This underestimation occurs because, as the tissue becomes stiffer, the wavelength of the shear wave increases to such an extent that an accurate assessment of the wave number cannot be obtained within the ROI (6) . We believe that the opposing changes in shear stiffness with degeneration are directly related to differences in the analysis techniques. Despite these differences, our results and these prior rheological and MR elastographic studies demonstrate that MR elastographyderived shear stiffness measurements may be used to differentiate between healthy and degenerated IVDs.
The MR elastography-derived shear stiffness measurements found in our study are similar to rheologically derived shear modulus measurements (nondegenerated NP, 7.4 kPa 6 11.6; AF, 200 kPa 6 70; severely degenerated NP, 22.5 kPa 6 7.8; AF, 290 kPa 6 135) (28, 29) . Rheologic testing is considered a reference standard for assessment of shear properties of materials; however, it is not feasible in vivo. The similarity between MR elastography and rheologically derived shear measurements suggests that the MR elastographic assessment of IVD tissue is reflective of a functional change in the response of a tissue to loading.
IVD degeneration has been described as accelerated aging; therefore, we investigated whether there was a correlation between MR elastographyderived shear stiffness and age. We observed that there were weak correlations between subject age and shear stiffness in both NP and AF regions throughout all levels, with only one being significant. This suggests that the change in MR elastography-derived shear stiffness that occurs with degeneration may be independent of age. Our
